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AN INDUSTRIAL TECINOLOGY CALLED TRIBOLOGY--
THE UK EXPERIENCE AND ITS IMPLICATIONS

I. INTPhODUtCTIO

It is interesting that 10 years after its introduction one still
feels compelled to define the word tribology before dealing with it.
Such brief tutorials are generally not required in Britain, even among
the lay public (at least those who read the London Tima), but abroad,
both east and west of ~Bi Ben, quizzical looks still greet the use of
the word. Britain is the land where tribology was born (more or less),
nurtured, and finally developed into a fundabla and even (perhaps) ac-
curate way of describing an activity of sciin'ca ind technology. Tribol-
ogy, for those who have not heard, is from the Greek, tribos, which means
rubbing, and is: "the science and technology of interacting surfaces
in relative motion and of the practices relating thereto."

Due to what many now think of as the prototype of technolog!,cal fixes,
the 1966 Jost Report Ill, tribology has in many quarters become accepted
as the answer to a central inductrial and consumer problem: keeping ma-
chinery on line, and thus saving vast sums of money. The Report, now
celebrating a decade of trial, said simply that tribology (the best tri-
bology) should not be compartentalized into packages labeled lubrication
(chemistry), wear (metallurgy) and design (mechanical engineering), but
rather that a new technological type was needed: a Tribologist. Thus
a strong interdisciplinary effort was called for (when that word was coming
into vogue) and government seed-money went into creating a new field.

To be sure# tribology had been practiced for a long time under the
guise of lubrication and wear. To what extent the old days were of an
interdisciplinary sort is anybody's guess; but the point is, there was
no apparent recognition, until 10 years ago, that an actual need existed
to approach these problems with a reorganized interdisciplinary tack.

Is tribol.-Ny in reality the best approach to making the optimum dy-
namic mechanical system--and getting the best out of existing designs?
Having spent a year traveling in the UK, covering research activities
and developments in metallurgy and mechanical engineering, we felt both
obliged and qualified (more of the former than the latter) to present
to the US science and technology community our assessment of the state
of tribology in Britain. This difficult (and, we recognize, rather pre-
tentious) task has been most interesting and stimulating. We had oppor-
tunities to meet numerous people, prejudiced and neutral relative to
tribology - and those who still do their fine work without concern for
semantic details. These visits and conversations have been a delight.
We have met excellent and always-cooperative people.
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It is to be noted, however, that the apparently small geographical
size of Creat Britain can be deceptive. The amount of work on wear and
lubrication is very large indeed, so that it was necessary to limit our
study to only theo "main activities." We left much out, and we did not
have the opportunity to interview a number of individuals who are consid-
ercd to be active figures in UK tribology. We offer our apologies to
them--though it may be that they should feel relieved not to have been
taken away from their important work by a couple of nosey Americans.

A brief statemant of our motivos for this study is in order. We had
for a number of years heard about the rather innovative approach taken
by the British in the field of lubrication and wear. Machinery breakdown
and the cost thereof had, according to our current information, some 10
years ago reached unacceptable levels. The "solution" to this problem
presumably lay in a new organizational framework, with an interdisciplinary
approach and a healthy innoculation of government funds.

Of course, the problems have not disappeared. In fact, their solu-
tions in these inflationary days are even more pressingv and, meare im-
portantly perhaps, engineering systems with more comlexity than before
have now to operate in difficult environments for long periods of time.
The design of such high performance systems, for example as used in mod-
ern aircraft or in offshore petroleum machinery, requires the best pos-
sible engineering pr.otice. Thus, it would be the best of all worlds
if there were involved in the design stages a tribological expert who
understood the state-of-the-art chemistry of lubrication, and who, with
an expertise in materials selection, fully appreciated the actual design
problems faced by the mechanical engineer. This goal is a commendable
one. How far have the British come in realizing it? We sought an answer
to this perhaps premature question - the field is in fact still young.
more importantly, we sought to discover their victories and also their
mistakes so that lessons might be learned from both.

The area of tribology has obviously extended beyond British shores,
and there are active programs developing throughout Europe. In t.he US
there are programs in wear and lubrication in a wide range of industrial
and governmental laboratories, with the oil coqpanies (albeit mostly in-
visibly) carrying a large part of the load. The university programs ap-

pear to be concentrated in mechanical engineering departments, with the
metallurgists carrying on the research on wear. In fact, tribology work-
shops were organized by NSF in 1974 and by OUR during 1975 with represen-
tation from a number of academic institutions, and there have been recent
meditations on the subject by the US Office of Technology Assessment.
However, for the US at least, the concept of an overt interdisciplinary
effort has not yet been established, and it is only recently that tribol-
ogy started to be discussed in polite company.

2
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There are cynics who will offer another definition of tribology: hy
rubbing two or more things together, one will get--not unlike a rabbit
from a hat--research funds. Enough, in fact, to start three centers of
tribology, to fund three acaaeuic chairs, to compile a large and compre-
hensive handbook (a prodigious task) and, perhaps most importantly, to
advertise all of these things.

Should the US import the concept from Britain? An answer to that ques-
tion is what this report is all about and what started us on our quest.
Here, we examine the present UK tribology scene in light of the original
motives for the establishment of the field and in view of the predictions
and proposals made by the promulgators of the concept. This overall view,
it is hoped, may help someone decide what concerted action might be taken
by the US technological community.

3
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II. MCKGROUND

1. The Seeds of Industrial Discontent

In the early 60's a collective opinion began to formt among the UK in-
dustrial engineering community that much of the manufacturing equipment
in use at the time was showing a significant increase in failure rate.
Concern for the eventual effects of this trend was intensified by concomi-
tant economic attitudes, particularly restraint in capital investment,
and the increasing use of continuous processes ina which the breakdown
of component machinery was especially unacceptable. No doubt many causes
were cited as contributing to the problem, but those related to friction,
lubrication, and wear emrged with a strength of conviction that led to
government action.

At the direction of the Department of Education and Science (DES),
a Working Group was formed "...to investigate th6 present state of lubri-
cation education and research in this country and to gave an opinion on
the needs of the industry thereof." The Working Group reported in 1966[l)
and, in what is often referred to as the "Jost Report" (after Dr. H. Peter
Jost), provided a documentation of problems, recommended solutions, and
potential rewardsl the report has come to ba the initial impulse for an
enormou. amount of activity in the UK and, today, in many parts of the
world.

The Working Group saw three major causes for what they perceived to
be the neglect of a subject of great technological and economic importance:
(1) the interdisciplinary nature of the subjecti (2) advances in technol-
ogy, only recently (in 1966) influencing production methods, were neces-
sary to focus attention on the problem: and (3) "lubrication" was a much-
used but supremely inadequate term for the "description of the sphere of
'transfer~nce of force from one moving surface onto another.'" In this
last-listed item, the Working Group revealed an interest in terminology
that might well have been wh&t led them to an act that appears to be quite
important in the light of future events: in consultation with the Editors
of the Supplement of the Oxford English Dictionary, they postulated that
"The science and technology of interacting surfaces in relative motion
and of related subjects and practices," be known as "Tribology." The de-
finition is repeated here because it warrants more than a cursory exami-
nation. If taken literally, it assigns to tribology both the elegance
of a science and the relevance of a technology. The coiners were clearly
looking for breadth, as well, since "related subjects and practices" are
also included: with such far-flung boundaries, tribology encomasses an
immense family of physical situations.

The report of the Working Group contains two additional items that
are especially noteworthy here. The first of these was the celebrated
prediction of savings to be realized by proper applications of sound
tribological methods--an annual amount of L515 million that, at the time

4
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of the report, represented 1.S of the GriP. The enormity of this poten-
tial economic windfall wac not lost on Wostminster where, on 11 August 1966,
the then-Minister of Technology Rt lion Anthony Wedgoewood Bonn announced
the entablishment of a Committee to advise on the implementation of the
recommendations of the Working Group. Secondly, and among these rocommen-
dations, was the concept of Centres or Institutes of Tribology. These
institutions will be described in a subsequent section of this report.
The remainder of this sectioni describes the activities and impact of
what has become known as th, "Jost Committee." Jost (whose full partic-
ulax. included, as of 1972, CBE; DSc; CEng; FItechE; FIProdE; lion AMCT;
lion MIPlantE; Group Managing Director, KS Paul Limited; Director, Williams
Hudson Limitedi and Director, Stothert and Pitt Limited) was the Chairman
of the Coititee on Tribology from its inception through its final report,
submitted 18 December 1972 E2].

2. The Co.mmitten on 'iribology

As previously noted, the Committee on Tribology was established in
1966 by the Ministry of Technology. This sponsorship was maintained

X7 through October 1970, when the Committee came under auspices of the Depart-
wwnt of Trade and Industry. Hero we shall outline the goals of the Com-
mittee, its modus operandi, and its accomplishments.

The terms of reference of the Committee wore[21:

"(a) To advise the Minister of Technology on measures to
affect technological progress and economic savings in the
sphere of tribology.

"(b) To advise Governmen* departments and other bodies,
where required, on matters associated with tribology.

"(c) To examine as a matter of priority, and to make recom-
mendations on, the best practicable mans of introducing
to industry the latest techniques on triboiogy.

"(d) To report to the Minister of Technology annually on
its own activities and on trends and developments in the
field of tribology, considered to be of technological or
economic significance to the nation."

With a Chairman and some 16 members (the membership fluctuated slightly
over the years), the Committee set about to organize itself in such a way
as to be able effectively to promote tbe recommendations of the DES Work-
ing Grouv. Initially this included the establishment of an Education and
Training Comittee, a Research and Liaison Committee, and a Tribology
Contres Working Panel. This organization was supplemented in 1968 by ele-
vation to Corittee status of the Information and Publicity Work-ng Party

5
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P'd, as the Comittee on Tribology proceeded in its activities, soMe six-
teen additional working groups and panels were eventually formed. In all,
some 118 individtals becama involved.

(a) Education and Training Committe"

The task of this Mducation and Training Comittee (ETC), paraphrased
here, was to: (1) Advise the Committee on Tribology concerning the mate-
rials that should be inclWed in education and training courses at all
levels and for general as well as specialist knowledge, and (2) to assist
and advise in the development and use of these materials in educational
and other bodies. The DZS Working Group had perceived that the subject
of education and training was of crucial imortance in its ondeavors to
introduce tribology into industry--an observation fully acknowledged by
the main Committee. Thus the activities of the Education and Training
Comittee appear to have been roughly equally divided between the design
of educational programs, and the identification of ways and means for,
in the words of the Comittee, "penetrating the education system."

The ETC, chaired by D. Dowson (Professor of Engineering Fluid Mechan-
ics and Tribology, Univ. of Leeds), consisted of about a dozen members
chosen with essentially equal representation from govexnment, industry,
and engineering sectors of academia. In accordance with their charter,
the comittee estimated what they viewed as the proper tribological in-
gredients in courses given at all academic and prectioner levels. These
efforts presumably would result in an increased acceptance of tribology
as a necessary part of technological knowledge: MSc courses in tribology
were established at Leeds, Reading, and Swansea (a total of 75 degrees
granted as of thc end of the tenure of the Committee); the Couicil for
National Academic Awards (CNAA) amended its xegulations to allow educa-
tional establishments to offer diploma courses in tribology under its
aegis; the Joint Comittee for Higher National Certificate in Engineering
accepted the subject as appropriate for offer by colleges; and the Engineer-
ing Industry Training Board recommended that training schemes be adopted
for a "Tribology Technician Engineer." In addition, a wide variety of
short courses were fashioned and delivered, and among the documents cre-
ated in these efforts was the publication of the Iron and Steel Industrial
Training Board titled, "Guide Syllabus for Training in Tribollc . Craft
Apprentice Level." A "Basic Tribology Module" was identified as wrapre-
senting a minimum coverage of tribology which should be precent in the
education of all mechanical enginers," and is reproduced in Appendix A
of this report.

The ETC also conducted a variety of studies to determine tho eXisting
state of tribological education and to estimate the gap between what was,
and what should have been. In a 1971 survey of 68 universities and poly-
technics, 43 of whom responded to the questionnaires, it was found that
tribology topics were contained in over 200 courses. It is interesting

6
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to note, however, that of this number, about two-thirds of the course sub-
jects were not listed as tribology, as such, but they were courses in the
usual areas of fluids, materials, mechanics, etc.

In presenting its conclusions relative to education and training, the
Committee on Tribology was concerned about the interdisciplinary nature
of the subject and the fact thAt "-deation itself may have to become more
Inter-disciplinary." They suggested that activities such as theirs might
appropriately stimulate changes in education requirements and in pattern
of education in other fields of endeavor.

(b) research and Liaison Comittee

As laid down by the main Comittee, the mission of the Tribology Re-
search and Liaison Committee (RLC) was to (.) consult with appropriate
industry, education, and research activities to define research reqvire-
ments, identify problema, propose "frameworks" for their solution, and
to identify long-term trends of "technological isplications of future de-
velopment in tribology," (2) to advise and assist with the promotion and
coordination of research, and (3) annually to udvise the Minister of Tech-
nology on research supportad by him in the field of tribology.

The RLC group acted as a major reviewing body for the main Committee,
covering a number of industrial sectors, and aiming at establishing the
pattern of tribological problems, their causes, and costs. The product
of their review was to be an ability to estimate the economic benefits
to be realized in proposed tribological research projects.

A ajor result of these activities was the establishment of the RLC
as a review body for the evaluation of research proposals in tribology.
The Committee reviewed proposals addressing a wide variety of problems,
including: abrasiveness of magnetic tapes, the study of lubricants of
avoid staining of copper during rolling, diesel engine lubrication with
non-distillate fuele, wear of unlubricated steels at elevated temperatures,
corrosive wear, bearing instability, wear research connected with IC en-
gine scuffing, early warning of tribological failure, fatigue in liquid
lubricated concentrated contacts, plasma deposited %ear-resistant coatings,
and turbulent flow in large journal bearings.

In its liaison operations, the RLC found that t major deficiency ex-
isted in the utilization by industry of existing informwtion (this was
also a conclusion of the DES Working Group). Here referiJnce is found to
The Gap (our capitals) between research workers and designers which is
so-often cited in discussions on science and technology in the UK. (This
is in no way meant to infer that The Gap was invented in or is exclusive
to the UK.) To tackle the problem, two approaches were taken dnsisting
of an "awareness" camaign (later carried on by the Information and Publi-
city Committee), and the preparation and restricted distribution, mainly

7
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to regional government staffs, of a Tribological Directory. The Directory
listed o .r a hundred experts as rocommended sources of tribological as-
sistance. Liaiznn was also conducted with the Tribology Group of the In-
stitniton of Mechanical Engineers.

In their conclusions, the LC satf one of their most important and suc-
cessful functions as that of proposal evaluation. On the related problem--
that of identifying research priorities--the Committee was loss enthusi-
astic, citing needs for a closer relationship with government bodies, and
for bettor access to information on government policies and resources.

(c) Information and Publicity Committee

The Committee on Information and Publicity (CIP) was ch&, d with the
dissemination of information about the virtues of tribology and news
concerning the activities of the main Committee and its sub-groups. In
addition, the CIP was to promote and assist in the collection, digestion,
and dissemination of technical information; and to stimulate and record
feedback from tribological users. As with the other sub-Committees,
"awareness" appeared as a key issue with the CIP.

As a result of the March 1969 meoting titled, "Tribology in the Pro-
cess Industries," (co-sponsored by the Ministry of Technology and the
IMochE), the CIP became concerned about the "awareness" of the upper lev-
els of management and the members of small firms. A "two-pronged" approach
was adopted in which the economic aspects of tribology would be presented
to management and marketing officials, and these presentations would be
followed by technical sessions hold on tribological subjects related to
design and cost. Within a period of one year, (beginninr 4n October 1969)
a series of four such meetings, titled "Profit from Trib.ilogy," were held
in Cardiff, Manchester, Sheffield, and Glasgow. The contents of these
weetings appear to have emphasized the first of the two prongs: high-
ranking government officials were invited hosts, the film titled No more
Problems" was featured, care was taken to ensure a full measure of media
coverage,, aid delegates were furnished with leaf1%- containing a "light-
hearted explanation of tribology" in terms relat 4 to the Pullmans on
which they travelled to the "Awareness fjeetings There is every reason
to believe the statement that "...through these .vents... substantial prog-
ress was made in increasing understanding of the commercial and other bene-
fits to be obtained by proper application of good tribological design and
practice."

An effort that met with limited progress was that related to the com-
pilation of tribological case studies. Here the CIP met with several
difficulties: (1) the commercial security that tends to surround tribol-
ogica). successes and failures; (2) the inability of industrial activities
to recognize a tribological problem as such, and (3) the difficulty in
phrasing actual tribological events in a form (desirable for case studies)

8
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that either shows a principle which is capable of being ro-applied or a
practice capable of being repeated. Nevertheless, casebooks were compiled
and distributed, mainly to attendees of the regional awareness moetingo
described above.

A large amount of promotional material was produced and disseminated
by the CIP. This included various brochures, a catalogue of films, course
descriptions, an International Calendar on Trlboloqy 'vonts, speaker's
kits (for use by the Panel of Tribology Speakers), and a Tribology Symbol.

(d) The Triboloqy Handbook

The Tribology Handbook Exploratory Committee was established in 1967
under the chairmanship of Mr. N. J. Neale. The culmination of the efforts
of this group was the publication in 1973 of the Trlbology Handbook
(Butterworths, London) with Neale as the editor of the contributions t'rom
more than 100 authors. Although our review of this document has been cur-
sory, the Handbook is clearly valuable in its timeliness as a compilation
of information on a "now" technology, and as a very tangible output of
the Committee on Tribology.

The style of the Handbook is somewhat uniquo in its positive practical
flavor--a sort of "this is the way it is" approach--which, though coura-
geous, is perhaps misleading concerning the state of the tribological art.
There is a notable lack of reference to the literature on tribology# which
can leave the user of the Handbook at something of a technological d, ad-
end. (Some recourse is provided in the references to pertinent ISO .ond
BSS utandards.) Reflective of the complexities -f tribology itself, there
are selections in which data are given on situat ons of little relevance
to practical applications (and no guidance for extrapolation thereto),
and other portions of the Handbook give very detailed information on very
specific industrial applications with no indication as to how these might
be applied to guide the design of new equipment. These deficiencies are
cited by Parker (see Appendix B) as evidence of a more-general confusion
in tribological definitions and classifications. Despite these drawbacks,
the Handbook now exists in a technological environment where once there
was a vacuum--those involved are to be congratulated on their considerable
effort, and they should be encouraged to expand and refine their "baseline"
document.

(e) The Centres of Tribology

The 1966 DES Working Group saw the creation of Centres of Tribology
as a means of spanning The Gap. Universities did not always relate their
work to the needs of industry, and in addition, the results of research
work in universities and other establishments were often phrased in such
a way as to be unintelligible to potential users. (In the US and else-
where, these problems were emerging to form part of what has since been
referred to as the field of "Technology Transfer.") Extracting from

9
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paragraph 91 of the DeS report(i, "Industry has a great need for very
close relationship to, and ready coumunication with, the centres of re-
search in tribology so that engineers and designers on the one hand, and
scientists on the other, can speak of industry's problems in a common lan-
guage. Until this is acknowledged, industry's need in this sphere will
never be fully met."

The Committee on Tribology endorsed the concept of Centres of Tribology
and, in November 1967, recoamended the establishment of Centres at the
University of Leeds, the University College of Swansea, and the Reactor
Engineering laboratory of the UK Atomic Energy Authority (UKAEA), at Risley.
Each Centre was to give general tribological service to industry within
its locale, and nationwido services in areas of specialization: Leads
for "bearing design," Swansea for "metallurgical industries," and Risley
for "hostile environments."

Without delay, the Minister of Technology implemented the recoamenda-
tion of the Committee, including the granting of funds in the amounts of
Z75,000 for Leeds and Z40,000 for Swansea to assist during the first two
years of operation. The Risley operatixi was separately established and
funded through the UKAEA. Further government funds have been provided
through the first four-to-five years of existence of the Centres: a note-
worthy feature of their birth was that each Centre should become self-
sufficient during this period. A Management Advisory Committee, with re-
presentatives of t); Coumittee on Tribology, was set up by 2ach Centre,
and the Centres were expected to maintain "close liaison" within the con-
straints imposed by the confidentiality of their commercial work.

Finally, it should be noted that the National Engineering Laboratory
(NEL) at East Kilbride (near Glasgow) was included as a kird of ox officio
member of the triumvirate, having long been a major contributor to UK pro-
grams of industry-oriented tribological research.

Today these Centres, together with the Tribology H.ndbook,- arc among
the most-prominent monuments to the work of the Conittee on Tribology.
As we have noted previously, they have been major sources of information
for our look at tribology in the UKX and further description of their ac-
tivities is deferred to the subsequent section devote,] to this purpose.

3. General

Although further comment on the Cor.rittae on Tribology will he found
in the conclusions of this report, it is ippropriate to mention he-e
some of the general impresions gained from our stidy of its activities.
One of these is that the Committee and its sub-ComJ.ttees were largely
concerned with promotional Zt cers*. This is not surprising given the

*In ESN 22-7:196, R. '.o. Burtcn writes "... [tribologists] may be both
scientist and engineer at once--or possibly they may be neither. What-
ever they are, they are public relations conscious."

10
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perceived nature of the problem in 1966 and the apparent absence then of
any technological entity in the UK for the focus of attention on such prob-
lems. The DES Working Group, and the Committee on Tribology, appear to
have been given strong government support in the beginning, and this "fly-
ing start" was more than enough to ensure a sustained flurry of activity
from the enthusiastic and thoroughly-committed members of the various
groups involved.

If the fanfare appears to have had an element of bravado in it, or
if the potential rewards were perhaps exaggerated or, at least, unprovable,
much of this can be justified by the axiom that when dealing with business,
academic, and socio-political entities, sometimes a four-by-four is needed
Just to get their attention. One danger in emphasizing the promotional
aspects of a "new technology" is that enthusiasm, rather than necessity,
can become the mother of invention. In our concluding remarks, we attempt,
at least, to identify such subjective observations. Here, it is sufficient
to reemphasize that in the UK, and to some extent throughout the world,
technical communities think more about problems in friction, lubrication,
and wear, and when doing so they often think tribology.

In reviewing the final report we have been impressed with its almost
overwhelming air of success. The UK government apparently.accepted this
attitude since, citing the activities of the Comuitteo on Tribology as
a case in point, it decided in 1970-71 to expand its involvement in the
support of industrial technologies. To this end, Committees on Corrosion
and on Terotechnology* and Materials Handling joined the Committee on Tri-
bology under the auspices of the new Committee for Industrial Technology.

*Terotechnology is defined as, "...the management of physical resources...,"
etc. It is our "feeling" that the term refers to activities of plant man-
agement engineering, or, perhaps, aspects of "maintenance." There has
been created a N.ational Terotechnology Centre to deal with these "matters."
The Centre has, in fact, "...launched the first of its series of Tero-link
meetings - 'seminars' (sic) which bring together engineers and representa-
tives of one other terotechnology discipline...for an informal interchange
of views intended to give each group a better understanding of the thinking,
working practices and problems of the other."
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III. UK TRIBOLOGY CENTRFS

A discussed above, three contres of tribology were established in
1968*. The goals of t'he Centras were clearly to bridge The Gap and to
make a genuina contribution to solving the problems of industry through
the unified approach of tribology. The steps taken by government in this
venture were indeed dramatic, and the investment was made with an unusual
degree of optimism and aggressiveness. We thus felt particularly inter-
ested in visiting the Contras and examining their progress after about
eight years of operation.

The three Centres were visited and in each case we were hosted by the
respective directors. Without exception, we ware greeted with enthusiasm
and candor. Problems as well as plans were openly discussed, and we were
uniformly impressed by the dedication shown by staffs of the three activities.

1. The National Centre of Tribology (NCT), Warrington, Lancs.

This Centre, like the other two, was established in January, 1968.
Unlike the centers at Leeds and Swansea, NCT, with the designation of
"National," has had something of an advantage due to the apparent special
governmental blessing and affiliation implied by the title. In fact, NCT
is on the grounds of the UK Atomic Energy Authority (UKAEA) Reactor Centre
at Risley and as such, probably has a less difficult time paying the inci-
dental expenses.

Dr. W. If. Roberts is the manager of the Centre, and it was he who met
with us and gracious!" spent some time showing us the Centre and discuss-
ing the problerts faced by the Centres in general. The work at NCT is di-
vided among UKAEA, the European Space Program, and Consultancy (comprised
of government and industry). Relative to consultancy, Roberts explained
that only 10-30% is government support, and this is not in the form of
grants but rather, directly funded research and development programs.
Currently, the total turnover is Z500,000, divideA evenly among the above
three activities.

It is clear that Industrial consultancy was the main goal in estab-
lishing the three Centres. NCT, Roberts explained, recognizes this, but
such support is difficult to achieve. In Uis critically important area
of industrially-funded programs and consultancy, the numerous contracts
are generally small, ranging from X1,000 to E.2,000.

When NCT started (with governmental funding guaranteed for five years),
there were five professional staff members: Now there are 20 and the unit
is self-supporting. To maintain this situation requires constant work

*Some of the early events at the Centres are described by R. A. Burton

in ESN 21-12:259 (1967).
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and demands that both short- and long-term industrial contracts be obtained.
One measure of success of NCT is that "small customers" are returning
after initial jobs.

NCT is very wall equipped to perform a wide range of applied research
and testing studies. We found the following laboratories to be particu-
larly interesting:

The European Space Tribology Laboratory (ESTL) is a sub-group engaged
in research and testing for the European Space Agency. The facilities
include a "state-of-the-art-equipped" clean room for mechanical and ther-
mal testing of special bearings and seals for use in space. There is an
effort underway on electrical slip rings for vacuum use. And in the area
of lubrication, they are studying and developing anti-creep barriers
through chemically controlled viscosity. In aiming of precision dovces,
such as telescopes and antenna pointing systems, it is essential to avoid
torque fluctuations in bearings, and this problem is being investigated
here under a continuing program. In the area of solid lubrication for
space applications, NCT is using Pb thin films (of submicron thickness)
on ball bearings. This approach, they hope, can be used to avoid seizing
of steel against steel.

The current ESTL contract is scheduled to run until the end of 1979.
As satellites become more important to ESTL (such as weather satellite
systems), so will problems of tribology. NCT fools that they can play
a central role in keeping such systems functioning. Through an aggressive
testing and development program NCT has indeed shown that it has the capa-
bilities to do this.

A major aspect of NCT'a initial charge and still ctirrent work is tri-
bological factors of environment. The principal aspect of this work,
considering the UKAEA landlords, has been the problem of liquid sodium
in contact with alloys and various compounds. In those experiments, liq-
nid sodium at 700 0 C is circulated through a test rig. A range of complex
tests is run, including wear, fzetting and reciprocating motion. The
amount of oxygen contained within the liquid sodium is controllable, since
oxide films formed by reaction of the alloys with the liquaid sodium may
provide some boundary lubrication.

The General Laboratory Is a large room containing a number of active
experiments and equipment used for trouble-shooting for industry. There
are a number of instruments for testing bearings, and an interesting poly-
mer test rig, developed for noting wear transitions during loading.
Riberts showed us an interesting biomedical laboratoryk in which is dis-
played NCT's role in the development of prosthetic devices for a knee joint.

The NCT operation is, to a first approximation, doing what it was ap-
pointed to carry out: Acting as a consultancy for industry and treating
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tribology in an interdisciplinary manner. NCT also gives workshops and
appears to play a vital role in the European Space Program. It does ap-
pear, however, that MCT is generally not creating new programs and new
approaches. It has little time or resources to do this. In our view,
they are not actually developing forward-looking research studies. In
addition, their teaching efforts are minimal. NCT is in fact working hard
just to survive, and they cannot - even by their own admission - be viewed
as being totally independent of government. While it is true that the
government grants have stopped, a fair proportion of the program is sup-
ported by Ministry of Defence money.

2. The Leeds Triboloqy Centre

Dr. R. J. Wakelin, Director of the Leeds Unit, noteri that oil was dis-
covered in Oklahoma in 1831, the same year that Leeds University was founded
by the clothmen of Leeds. This, he feels, is a prophetic coincidence be-
cause 1831 can be considered to be the start of moern industry and of
the need to service that industry - tribology. The Leeds operation is
smaller than NCT, both in numbers of people and in turnover. Furthermore,
it is attached in some tenuous way to the University which exacts its pound
for electricity and other services, so that Wakelin's headaches begin with
paying the most elemental bills - not to mention meeting the payroll.
Through very hard work, however, enough small (and some big) contracts
are obtained to maintain the operation.

When Wakelin, whose recent reviewt4] provides a useful introduction
to tribology, took over some five years ago from Prof. D. Dowson (of Me-
chanical Engineering at Leeds), government support had ended. But with
help from DoWson and others, and by beating the industrial bushes across
Britain, Wakelin feels now that the Leeds Unit is v-l-ble. They currently
employ 15 staff, of which five are senior professionals. In addition,
Wakelin has developed a "membership" of 320 companies who, for E55/year,
got a newsletter, limited free consultation and an abstracting serv..e.
lie is attempting to generate a cash surplus and, currently, the Centre
is marginally in the black, turning over about Z80,000 per year. Wakelin
feels that he is still in a position where the charges art too low, but
that when they are raised, the financ al picture wil'. improve.

The Centre is very image-conscious and has developed some ongoing pub-
lic relations and programs: they have an annual "Internationaal Exhibition"
on tribology: there are three "Open Days" for industry; and there are one-
day (and longer) conferences.

The laboratories are well equipped andg especially important, there
is a good relation with the Mechanical Engineering Department, so that
capabilities are greatly extended. (The ME Department has an excellent
metrology laboratory, with extensive instrumentation for surface
characterization.)
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A lubrication tasting service has bobet instituted, with capabilities
for both physical and chemical tests. Frction and wear testing in metals,

ceramics and polymers represents no prolm and, together with a "Compu-
torized National Bearing Design Servi.o," giake the Contra ideal for the
solution of industrial bearing problems. Jointly with the "University
Bio-Engineering Group for Study of ihtvan Joints" the Unit is examining
tribological aspects of the performance of natural and artificial Joints.
One success involving an industrial contract in which the Unit was involved
was the development of the Dunlop Denovo tire. Hero, on failure due to
a blowout, a lubricant is released within the tire. This lubricant gives
what is known as internal aquaplaning, plugs the puncture and, due to a
constituent with a high vapor pressure, reinflates the tire. This tire,
an example of good tribological design, is for sale, and, incidently, is
on the'Contre's automobile.

Wakelin's basic philosophy is that the Centre must be made to survive.
This, he feels, will demonstrate that an interdisciplinary approach to
lubrication and wear is not only essential but possible. Moreover, one
has the impression that Wakolin and co-workers are not particularly con-
cerned with semantics. Rather, they want to perform a service and are
trying hard to do so.

3. The Swansea Tribcloqy Centre

This Centre is based at the University College of Swansea, one of four
main campuses within the Welsh university system. The director, Dr. A.
R. Lansdown, is a virtual Jack-of-all-trades, being one of the three tech-
nical staff members--the group is half its original size. The pattern
at Swansea appears in many respects to be a, scalm!-down version of that
at Leeds. Relationships with the University administrative offices appear
to be fragile and sometimes strained, with a level of University commit-
ment somewhat akin to that between landlord and tenant. The annual salary
budget is on the order of W.4,000, and the past four years of independent
operation have resulted in a bank balance of about X10,000--a situation
that precludes a great deal of long-term planning.

Lansdown is quite sanguine about the situation, seeing it not so much
as a measure of interest in tribology but more as a natural result of past
and current economic trends in the UK (and, to some extent, worldwide).
There is "plenty of work" to be had and, although fairly constant vigilance
is required, funding is mantainable at the present level. This level,'
as we interpret Lansdown's view, is something like a proper "interim steady
state," given the existing and near-future economic environment.

Again, the relationships between the Cmtre and the University depart-
ments, particularly Mechanical Engineering, are coupletely unofficial,
but cordial and cooperative. In the ME Department (Chairman, Prof. F.
T. Barwell) Dr. B. J. Roylance and Mr. M. H. Jones are actively pursuing
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a program of investigation into various failure monitoring techniques in
which forrography (co Appendix C), among other methods, plays a promi-
nent role. Roylance, incidentally, is a former employee of the Centre.

The Centre laboratory is small, but equipped with a quantity and qual-
ity of equipment eppropriata to the size of the operation (Lansdown has
readily exploited the economies associated with the use of surplus equip-
ment). The Centre performs various standard tests for industry and pro-
vides some more-specialized services such as failure analysis. An espe-
cially interesting capability is that of rating bearings for further ser-
vice. Lansdown reported good results so far (it's much too early for a
final judgement) with a system that involves the cleaning, inspection,
and rating of bearings that have been removed from machinery during pre-
ventative maintenance periods.

The major project underway in the lab appeared to be the testing of
non-skid surfalcs for shipboard use. Here the need is for surfaces that
perform at relative speeds of loss than 30 kts, and this is the lower limit
for most existing data on such surfaces. Under the sponsorship of the
Royal Navy, Lansdown's group is experimentally determining the non-skid
characteristics of a variety of surface formulations with different liquid
films (like seawater) and contaminants (like jat fuel). Having once al-
most skidded over the side of an aircraft carrier, one of us found it es-
pecially easy to groove with this project.

The Centre also provides resident courses fox practicing engineers,
designers, and manufacturers. The latest three-day offering (for Z11S)
is the tenth in a series covering the practical applications of tribol-
ogical know-how concerning such things as lubricants and additives, bear-
ings, wear, material selection, and filtration. The lecturers are selected
from industry, the University, and the Centre.

Iansdown would agree with Wakelin concerning the difficulties inherent
in managing contracts that tend to be of the one-shot low-profit type.
These, he fools, are especially pernicious because the benefits accrued
from the consulting service are far in excess of the costs to the customer,
and yet these long-term benefits are almost impossible to quantify. Al-
most like education itself, anyone can calculate what tribology costs,
but no one knows what it's worth. The difficulty is related to the prob-
lem of getting industry to think of tribology as a long-term investment.
Until this happens, the Center at Swansea is likely to remain a modest
operation.

16
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IV. OTHER UK ACTIVITIES

We hope that it is obvious by now that there is a great deal underway
in the UK in the tribology area. Some of it is mundane and some is t
the "new" triboiogy at all, but rather a practice in name-changing W..h
the traditional approach to lubrication and wear. Many of those activi-
ties (with pre- and post-1966 tribology) are widely known, but many others
are submerged within large university departments or government laborato-
ries. Some industrial activities, obviously, are not visible at all.
So to gauge the work of the tribologist and the tosults of the work of
the various committees is no easy task.

We recognize the inherent limitations in attempting to "cover it all,"
and also know that such comprehensive coverage is not possible in a lim-
ited time frame. By speaking with a number of key individuals and visit-
ing a fair proportion of the institutions which have tribological programs,
we were able, we believe, to cover a reasonable cros3 section of UK ac-
tivities in this field. Short reviews of some of these contacts are given
below. In addition, the reader is referred to Appendix B which is a brief
review of the convention titled "Tribology 1976." Here we heard some
rather unexpected comments from eminent UK Tribologists.

1. Government Laboratories

(a) The Admiralty Materials Laboratory (AML)

This organization is involved with a number of topics in lubrication
ana wear. The Laboratory is located in Holton Heath, Poole, Dorset and
was established in 1947 to assist the Royal Navy in their many and diverse
materials problems. As such, the laboratory is by its nature "interdisci-
plinary," and, in our view, very successfully so.

Relative to lubrication and wear, a central problem faced with high
performance sea-going systems is the maintenance of engines. This prob-
lem is obviously not limited to naval systems, but will involve good prac-
tice anywh'.re. The sea, however, represents special problems (the same
can, of course, be said for aircraft). Thus "Engine Health Maintenance"
(EiIM) has become the battle cry of a number of UK and US defense agencies
(not to mention industries).

The basic philosophy used by AML, as well as by the US Navy and at
a number of UK and US institutions, is to monitor the lubricant for tell-
tale signs of chemical contamination or structural debris which indicates
engine wear. The trick of course is to be able to use these as indicators
of impending failure; e.g., bearing fatigue and piston ring scuffing.
AML employs a variety of experimental techniques in their EHM program.
Dr. G. Pocock is using x-ray fluorescence to analyze for iron in lubricat-
ing oil. A wear device is lubricated by oil which is pumped through the
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system and this oil is continuously subjected to x-ray fluorescence.
Dr. C. A. Parker is concurrently performing visible fluoroscdnce masure-
ments on the same oil.

Anothir aspect of EHM under study at AML is ferrography. This current-
ly fast-developing technique, described in Appendix C, involves the analy-
sis of wear debris which is magnetically separated from lubricating oil.
The EHM work mentioned here represents only a small part of the lubrica-
tion studies underway at AML.

(b) The National Engineering Laboratory (MEL)

D. Scott is the head of the Creep and Tribology Division of NEL.
He has assiste- *n pioneering the ferrographic approach and has published
widely in the field of wear (he is the editor of the journal, Wear). Scott
has done a considerable amount of work on the metallurgical aspects of
wear, and has an "engineer's sense" about problems of tribology. He be-
lieves that the research work in lubrication and wear is today to a great
extent not relevant to industrial need. 1( is Scott's belief that many
problems can be solved by the correct use of available information, and
that new machines are not in reality being designed with this sufficiently
in mind. Thus, machine designers tend to "start from scratch," and it
is into this situation -,here "tribological research" has presumably found
its place.

2. The "Lube Lab" at Iuerial College--A Case In Point

Tribology is ww established in the vocabvlary of curriculum commit-
tees of British colleges of engineering. There are a variety of courses
throughout the country, and with the introduction of the Basic Tribology
Mdule (Appendix A), it is clear that tribology teaching has received a
boost. As stated previbusly, it was not really possible for us to speak
with many academics who have developed programs both at the undergraduate
and graduate levels. Accepting the risks involved, we have chosen to dis-
cuss in some detail the operation of one university laboratory in which
tribology is flourishing.

An eminently suitable example is, in our view, the Lubrication Labora-
tory of Imperial College. The founder of the Lab, and professor of Lubri-
cation Engineering, is Dr. A. Cameron. While embracing the concept of
an interdisciplinary approach, Cameron avoids the use of the word "tri-
bology," and views many of the activities stemming from the Jost Report
as gimmicky." The operation, referred to by the staff as the "Lube Lab,"
is indeed a joint attack on lubrication and wear problems by chemists (of
which Cameron is one), mechanical engineers, and metallurgists.

The goals of the Lube Lab are best appreciated by quoting from a re-
cent report[3]: "...to understand the basic phenomena in lubrication
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and apply them to as wide a range of problems in industry as po iibl e...to
teach students the art of research and...see how their work can best be
related to the real world 0

Cameron is an extremely active individual with the energy and enthu-
siasm to develop a well-supported teaching/research operation comprised
of over 30 students working for their PhD degrees. The research of these
students is divided into seven areas:

Optical Elastohydrodynalcs - Here visible and infrared light is employed
to study the properties of lubricants at contact points (e.g., gears or
bearings). Film thickness measurements, using optical techniques, can
relate much about time-dependent viscosity and fluid elasticity. Infra-
red techniques are being developed to determine lubrication and surface

temperature.

Properties of Metals - The retallurgical problems and possibilities of
tribology are vast and are in need of more attention. Surface fatigue
in rolling contact is an important problem, especially due to current in-
terest in friction drives. New approaches are being taken by Lube Lab
towards this. Fretting corrosion and wear resistance of conversion coat-

ings are being studied. Dr. A. Roberts, an Imperial. College metallurgist,
and currently on the staff of Lube Lab, has been studying the segregation
of minor alloying elements towards worn surfaces. A new wear test machine
is currently undor construction and will be used together with ESCA and
Auger spectroscopy. There are at least eight on-going programs centered
around properties of metals related to wear.

Engine Performance - This active program is principally aimed at under-
standing and avoidLig the scuffing of piston rings in diesel engines.
A diesel engine and a variety of test rigs are being employed to determine
the effect of additives on scuffing. Cameron believes that this assen-
tially chemistry approach to the problem is unique.

Surface Topography - Optical interference methods are being used by a group
of four researchers to characterize surface roughness and to determine
how roughness affects crankshaft behavior. Porous coatings are being stud-
ied as well to ietermine how effective they are when applied to bearings.

Chemistry - Generally, and perhaps too simply, it may be said that lubri-
cants are used to separate moving surfaces from one anpther. The field
of the chemistry of lubrication is indeed complex, and nine researchers,
mainly chemists, are concentrating their efforts .i studies of adsorption
and desorption of surface active agents, chemisorption of chemical addi-
tives, and the mechanisms of the formation of the so-called "friction poly-
mers." The chemical and physical properties of fluids close to the metal
surface are also being investigated. There is a strong indication that
the viscosity will change near such a surface, and this phenomenon is being
investigated. Dr. V. Spikes, a Cambridge graduate in chemistry, is play-
ing a central role in these studies.
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Hydrodynamics - Dr. C.M.M. Ettles, a staff mombor, is directing a number
of studies on the thermal and elastic efects which predominate in the
operation of large hydrodynamic bearings. These effects give rise to vari-
ations in viscosity and also to contortion of metil suz-facans. Nine re-
search programs, over an impressive range of topics (from non-linearities
of journal bearings to theoretical studies of thermohydrodynamic behavior...)
populate the lab and form a strong group in fluid mechanics as applied
to tribological problems.

Gearing-Related Research - This effort, according to Cameron, is the key-
stone of the lab. Every aspect of the group's expertise seems to concen-
trate here, from large experimental programs to theory. The Transmission
Laboratory is doing both !asic and applied work in machine design, culmL-
nating now in improved designs for helicopter gear boxes. Computer-aided
design is used here extensively.

From lubrication studies to surface metallurgy, chemistry, hydrodynam-
ics, etc., Cameron's group is clearly operating an interdisciplinary theme.
And it works. Together with five post-doctoral researchers and a cadre
of enthusiastic graduate research students, Cameron has, as of Late 1975,
developed a program with an operating budget of 1313,800--all outside funds.

Present here is An environment of excitement where the staff and stud-
ents believe that they are doing somethinig which is unique. And, indeed,
they are. Cameron believes that his approach is the right one, and feels
strongly that it should be picked up by others, especially the US. As
if to demonstrate his ideas, he, togather with others at Imperial C-dilege
have, through a labor of lovo, created a radically new scull for boat racing
incorporating the principaly of naval architecture, materials science,
lubrication, etc. The boat has won ably.
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V. SUMMARY AND CONCLUSIONS

As it is with so many inquiries of a similar nature, we have raised
more questions than we are able to answer. We have found that the issue
of trLbology is complex and difficult to define aven when considered in
a maro-or-less restricted technical sense. In the UK, however, no such
restriction is strictly applicable, for the beginnings of tribology and,
to some extent, its present form, are overlayed with influences that stem
from a particular political and economic environment. In previous sec-
tions of this report we have attempted, with some difficulty, to limit
our remarks to factual information that is, at worst, the hearsay evi-
dence of very qualified individuals. In this section we shall attempt
to summarize this information and we shall allow ourselves to Interject
our own interprotatiun of the issues and even, perhaps, a few answers.
If this is something of a liberty, we hope that previously expressed apol-
ogies are sufficient. The interested reader is encouraged to consult the
vast quantity of literature on the subject, an introduction to which is
available from the references of this report.

1. The Problem

The motive force that spawned tribology in the UK was, according to
the Jost Report, a significant loss of industrial resources due to plant
and machinery breakdowns caused by friction, wear, and allied phenomena.
In 1966 the problem had presumably grown to a magnitude sufficient to
stimulhte direct government intervention, the results of which we have
described herein. Although there is no refuting that problems stening
from friction and wear are of paramount importance within the larger do-
mains of machinery design and maintenance, it is an ovet _iwplification
to imply that these alone gave birth to tribology. Many other influences
wore undoubtedly at work. The concern for the state of UK industry, which
was laboring under the weight of many economic difficulties in addition
to worldwide inflationary trends, led to pressure for government interven-
tion which, in the UK, has long been viewed by many a* a viable corrective
measure.* In addition, the nature of the activities of the DES Working
Group and subsequent committees has been promotional to ar extent that
we are led to believe that the creation of a new technology was an end
in itself. We point to these factors, not as criticism, but in the in-
terest of problem definition. If in the US a similar movement is to be

*In an editorial article titled "Tribology: A moral tale about govern-
ment aid," (London Times, 8 March 1976) Hugh Stephenson defends the acti-
vity as a laudable example of governmental procedure. He writes, "In
short, the whole little story seems to be a model of effective government
intervention in the industrial sphere, producing high returns for modest
outlays and regenerating the productivity of British industry by Lncreas-
ing its competitiveness."
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!;pon!Jxd, we believe that it is vitally important to acknowledge factors
t40*h as these, at the outset.

';upprtc.rs of tribology point to economic gains far in excess of tht
annvual L515 million predicted in the DES report. Critics claim that this
prediction was a vast exaggeration. We have tried to iavoid this popular
arquirg point bccage, in our view, neither side is proveable. It iz
probably unwise to base a "now industrial technology," on such premises,
but if such predictions are to be made in the US, we urge that they be
carefully documnted and, in orde to avoid extended post-mortems, that
the design of such an siconomic experiment include a basis for evaluating
the results. The remarks of Summor-Smith[5] will provide useful warnings
to foxecasters of t'chnological economic benefits. We feel that the chicf
virtuo of predicting enormous savings is to got the attention of poten-
tial sponsors who, we admit, are often unimpressed with proposals that
do not attach a dollar-value to advn-es in science and technology. We
further admit, however, that it is difficult for us to visualize an in-
dustry that is unablo to see or, having seen, 30 unable to act upon a
design/miintenance problem that is costing them 1.5% of the GNP.

As a cause of the "problem," the DES Working Group did identify two
factnrs that are as -eal today as they were in 1966. They cited the in-
terdisciplinary nature of tribology and, pattly as a result of institution-
al inability to cope with such things, the inadequate communications--what
we have termed "The Gap"--between the searchers for new principles and
methods (largely in academia) and the practitioners (largely in indtutry)
for whose benefit the searches, in theory, are conducted. Becauwd of our
academic backgrounds, we are not unfamiliar with this problem and have
often witnessed less-than-successful swims up tradition-bound academic
streams in search of its solution. We recognize industrial technologies,
such as tribology, as a somewhat different approach to bridging The Gap,
and shall hdve more to say in this regard in subsequent paragraphs.

Whereas we have spent several months observing the UK situation, we
find ourselvos less informed regarding friction and wear problems in the
US. There are ma~iy industrial, university, and (perhaps to a lesser ex-
tent) government laboratories in the US that are conducting research into
such problems. Although we see a need for a classification and coordina-
tion of such work, and perhaps even some central unifying agency, we are
not aware of a need for a new industrial technology and its associated
organizational framework. There is The Gap, however, and this is a proper
cause celebro for a broad spectrum of existing institutions and technical
disciplines.
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2. The UK Approach

(a) Awareness

The terms of reference of the Committee on Tribology, previously enu-
merated, were largely to advise, report, and make recommendations on mat-
ters associated with tribology. To the apiprent extreme satisfaction of
the parties concerned[2J, however, the responses of the Committee and its
various offspring appear to have extended well beyond the rather modest
framework laid down by the Minister of Technology. Much of this activity
can be lumped under the heading of "Awareness." The coining of the term
"tribology" can itself be seen as an effective semantic shortcut to be
used in a nationwide campaign to intensify interest in problems associ-
ated with wear and lubrication.

The awareness motif manifests itself in every aspect of the Commit-
tee's activities--education, training, industrial management, the Contres,
the Handbook--and is illustrated by such themes as "Profit from Tribology,"
and "No More Problems." For these efforts we give full marks, and we do
indeed commend the intensity or the work and the enthusiasm of those in-
volved; and we recommend the experiences of the UK tribology effort as
a case history in eofoctivo technological public relations.

(b) The UK Tribology Centres

The UK Tribology Contres were thrust into The Gap to "form and main-
tain a two,-way bridge with industry and to undertake research on a com-
mercial basis." That this is a precarious position, we readily acknowl-
edge. As discussed below, industrial/academic communications and inter-
disciplinary activity are two areas of endeavor that continue to pose dif-
ficult problems everywhere. We view the xesult of the formation of the
Contres as a qualified success.

Putting an island into a river does not constitute a bridge, but, on
the contrary, creates two unspanned streams where once there was one.
We feel that there is yet much work to be done at both ends. On the in-
dustrial side, the awareness campaign has played a major role in sensi-
tizing industry to the existence of tribological needs. In addition,
largely due to enormous personal involvements of the Centre personnel,
many industrial problems have been referred to the Centres for solution.
Perhaps the central problem yet remaining, at the interface with industry,
is the fact that even after ten years of hard-sell, industry still does
not think of tribology in terms of long-term investment and gains. As
a result, the Centre projects are small, on the average, and are of the
trouble-shooting variety. Some of the attendant difficulties are: a
shortage of funds for growth and future planning, a lack of support for
exploratory programs, and the variety of managarial -and personnel prob-
lems that accompany a mpth-to-month existence. We feel that these
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problems, and particularly their industrial source, are linked to the suit;-
ability of tribology as a "now industrial technology."

On the academic side of The Gap the Centres, particularly those at
Loeds and Swansea, are in touch with adjacent academic departments, but
these alliances are maintained because of the mutual interests of the in-
volved individuals and have no apparent official or financial bindings.
A particularly important problem, we feel, is the lack of research, even
on a "commercial basis," within the Centres. In the presence of this ab-
sence, the Centres tend to look like industry from the academic point of
view. In the somewhat repugnant frame of reference in which research is
thought of as "high" and applications as "low," the lack of viable research
programs within the Centres can lead to the up and down divisions that
now separate industry from academia. The involvement of academia with
the Centres must, we feel, balance the industry involvement. Thus while
the Centres are putting out industrial brushfiros, and getting paid for
it, they must maintain their ties with research at a university lcvel.
These ties, that is research programs within the Centre (by either Centre
or University personnel), might be more easily established and maintained
if the long-term industrial commitments could be stimulated.

There are other more-specific problems that are worth illuminating
for their value as lessons. In their current "financially independent"
status, the Centres do not work together as originally envisioned. This
lack of togetherness is aggravated by the "special" status of the National
Centre at Risley, and by the absence of any central leadership and coor-
dination for the three. Which Centre does what work is not deteridned
by geography or special qualifications, as originally planned, but essen-
tially by marketing factors and by vigorous salesmanship. While we sa-
lute the free-enterprise flavor of the situation, we wonder about the long-
term stability of the institutional participants in this competition.
It appears reasonable to consider a merger under some form of centralized
management.

The UK Tribology Centres have been, and continue to be of assistance
in the solution of industrial problems. Their personnel are, in general,
well-qualified and enthusiastic. The extent to which their internal ac-
tivities are interdisciplinary is difficult to assess, partly because of
the trouble-shooting nature of their work. As we view it, "interdiscipli-
nary" is a term that is difficult to relate to industrial "fixes" where
the pavticular discipline invoked is dictated by the nature of the prob-
lem. There is a need for contipued vigilance regarding the bridging of
The Gap, and as mentioned above, in-house research programs are needed
and might be stimulated by an industrial commitment that transcends im-
mediate problems. With these observations, and given that tribology is
itself a sufficient ralson d'&tre, we can see a meaningful if modest fu-
ture for such institutions in the UK.
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3. The Concept of Industrial Technologies

If there is some distance between the research front line and the as-
sembly line, there is an instinct among research directors (for example)
w'Ach calls for this distance to be reduced. It is into The Gap that many

4 ndustrial technologies" (IT) will enter and, in so doing, presumably
fill it. An IT is thus an activity created for the purpose of assisting
in the effective economic cperation of a given industry (our definition).
It should be "interdisciplinary," simply because the exercise of closing
The Gap is "inter" to at least two elements, one of which is the "real
world" that cannot be disciplined.

The question which we should like to address is how a tribological-like
view will work in the practice of design in the US. The very act of en-
gineering design, of course, ought to be and always should have been in-
terdisciplinary. The engineer must appreciate the limitations and utility

of the materials with which he is dealing. If a system must be lubricated,
it is obvious that wear and lubrication will be central features of the
problem, and chemical expertise will be needed in one form or the other.
And so it is with engineering education. A design engineering course
needs an amount of traditional subject matter sufficient to get across
concepts and rules which are fundamental precepts, and then a liberal dose
of exercises in which these are applied to simulated or actual real-world
design problems.

There are those(S), however, who would ask us to take up a different
approach to the concept of engineeribg design, both in the teaching and
in the practice. It is the suggestion, for example, of the Committee on
Tribology that an interdisciplinary approach be taken to one aspect of
the design, operation and maintenance of machinery. They feel that the
solution of friction nroblerts in the design of machinery, due to the wide
range of operatinq chemicals, materials and mechanics, will require a new
technology. The goal is commendable, but to achieve it, is it appropriate
to restructure the academic and industrial system of traditional expertise?

As we ',,v. noted, an IT approach, in attempting to bridge the gap be-
tween theecy and practice, in actuality can leave new gaps between the
two sides. Where previously, the designer found himself dealing with,
sa-, a lubrication problem, now the same man need no longer deal with
that problem because the new expert has been brought into the design stAige.
(One nice thing about an activity that makes a claim at being interdisci-
plinary is that virtually anybody can unabashedly claim the self-
contradictory quality of interdisciplinary expertise. This, in a way,
doth make experts of us all.) The designer (or maintainer) has presumably
less to do--at least less to be concerned with. A real problem, we be-
lieve, is that the introduction of still other elements of expertise can
constitute an Impediment to the interactions between disciplines that
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are vital to a creative design process. A good design engineer should,
for example, feel compelled to appreciate the materials aspects of his
system. Whether or not this responsibility is (or ever has been) felt
by a majority of designers, there is some reason to doubt that the growth
of a new field, materials Rcientce, hat always been conducive to improved
materials practices in the design process. In any vase, an emphasis on
a certain element of design should be accomplished with a minimum of arti-
ficial barriers such as those that attend the creation of a now technotly
with its entourage of experts and jargon.

The problem will be aggravated if the new technology is conceived by
the technocrat and scientific entrepreneur wht-, though fathering a V-nnct,
and oven in fact supporting it after birth, is left with the diffiulty
of making it legitimate. The justification'm; for the creation of brid,:i ,i-
The-Gap fields must be based on need, rather than on hot desire. Thy,
is a vital point, if only to avoid the proliferation of new technoloie'l.
We have already seen the birth of terotechnology, but why stop here? What
about temperature intensive systems (thermologi), combustion system, (poyr.1-
ogy), rotating systems (turbology), etc.? (Thus we have the problem uf
gas turbine lubrication: turbothermopyrotriboloqy.)

Tribology, to us, shows that IT's can be created, but their effective-
ness in the scientific and industrial arenas can be limited. Lube Lab
at Imperial College stands in contradistinction to this. It has succoeded
in the use of a formula whereby specialists in traditional fieldr are put
under an administrative umbrella and without undo orchestration seem to
resonate in a way which spells success. We have all seen active groupti
like this evolve either due to strengths inherent in a perscnality, the
pressures of natural technological needs, or by simple luck. If these
elements are present, the fanfare is less essential and the work can yo
sliding along on a well-greased high plane.

4. Conclusions

If the reader has turned to this section of the report for a simple
list of tribological do's and don't's, we are sorry to disappoint him.
We are also somewhat dismayed that the subject of our inquiry has led us
in politico-economic directions that have inevitably diverted us from a
more scientifically-pleasing description of current projects and future
challenges in the arcas of friction, lubrication, and wear. This latter
development is not without its happy side since it excuses us (we hope
the reader will agree) for making some subjective observations and, of
course, revealing Lome of our own suppressed frustrations.

We admit to having begun this study with a "we're from Missouri" at-
titude about tribology. The name-thing had stimulated our skepticism,
and we had a need to be shown some tangible evidence of the fruits of this
approach. This attitude was further fueled by the evangelistic nature
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of several tribologists, especially those who advocated rather sweeping
changes in industry and academia, with tribology as the prototype.

As far as tribology in and for the UK is concerned, we find that we
must equivocate. We suspect that some of the motives leading to its birth
have disappeared behind the veil of time and the enthusiasm of those who
have willed it to be a success. But we are in no position to do more than
speculate on these mitters. Sow* positive things have happened. The Tri-
bology Centres have solved a number of industrial problems, there is con-
tinuing involvement with European space programs, and there has been the
beginning of classification and clarification of the morass of information
on problems in lubrication and wear--the Tribology Handbook. Perhaps
most significantly, for the UK, many technicians ane professionals in in-
dustry and academia who should have been thinking about these problems,
but weren't, are.

For the US, we see no need for a headlong stampede to follow the UK
example. It L3 for us to learn rather than to emulate. From th(, indus-
trial (and governmental) point of view, it is important to be realistic

about thow nature and magnitude of the problem. We hope that if in-the
V; there is a savings of 1.5% GN'P to be realized, it will not require a
Cong]ressional committee to get action. In any case, if there are any me-
chanical design activities not now at least trying to practice good tri-
bological habits, they had better get on with it. Where problems are iden-
tified, and are not amenable to in-house solution, the first look should
be towards existing research inctitutes and academic centers of expertise.
A good steer can be provided by the professional institutions such as
the ASHE and the ASLE. In the absence of satisfaction from. thee sources,
it may then be time to think in terms of new organizational fra.works.
Even at this advanced stage of inad..tquacy, should it be reached, we vtuld
hesitate to endorse the creation of a new technology. We would hope that:
there would already be an entity--nrofessional or governmental--that could
serve as a sponsor for the needed technological coverage.

We think that the name-game is of little more than promotional value
and can, in fact, be counter-productive and misleading. To carry the point
to the extreme, we might say that if there are tribologists, then there
must be non-tribologists--those who carry out clandestine studies in lubri-
cation and wear without a license to practice. Much more to the point,

however, is the pressing question of how to get ;upecialists in traditional
fields to work together in a cowplementary way to formulate designs that
incorporate the best features of all the relevSnt disciplines. We feel
that the fact that tribology had to be created is, in some way, an indict-

ment of the 'engineering community, and especially its academic underpin-
nings, for having failed to cope with this problem adequately. We did
not have to read between the lines to see this as a source of frustration
among the forefathers of tribology.
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Why is it so hard for academia to be interdisciplinary? We have some
thoughts on this, but we shall spare the reader the agony of our complete
gospel on the subject. Suffice to say that The Gap plays an important
rcle and the bridge must be built of that quality known as (pardon the
expression) relevance. For what is the goal of all engineering endeavors
except to support design? And what is the role of engineering design ex-
cept to create imaginative and economically feasible solutions to the prob-
lems of society? And we trust that the interdisciplinary nature of the
problems of society is an accepted fact. zngineers (and materials scien-
tists and chemists) can and should pursue their special areas of expertise;
but when it comes to relevant engineering design, which is by its very
nature interdisciplinary, these experts must be able to work together.
The key is design. This will at the same time span The Gap and be natu-
rally Interdisciplinary.

Where does the sclution lie? Vo suspect that industrial activities
that operate in the black are sensit-vI to the relevance issue--perhaps
so muuh so that they are not imaginative in their long-term thinking.
Academic institutions can't afford not to be imaginative and, with the
abolition of a few archaic visions of what constitutes excellence, they
can create an atmosphere that stimulates the pursuit of relevant design
both in teaching and research. Sp'onoring agencies can also assist by
acknowledging the value of "research" in design and thereby provide the
long-term commitment that is a strain for all but the largest of indus-
tries.

The difficulty of the problem is in proportion to its importance.
We have seen, both in the UK and the US, examples of successful solutions
that have been developed with relative indifference to the concept of new
industrial technologies.

2
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APPENDIX A

BASIC TRIBDLOGY 0DDULE

The Module reproduced here was published in January 1975, under the
heading of "Teaching Tribology to Undergraduate Engineers," and is an ex-
-anded version of that given in the report of the Tribology Comittee[21.

The editor is A. F. Nightingale of the Polytechnic, Nuddersfield. Some
16 authors rontributed to the development of the Nodule, and 10 were rQ-
sronnible for the final writing. They represent a cross section of British
industry and education and have produced a very useful teaching outline
in about 70 pales of text and diagrams. The suggested curriculum for the
course is reproduced below to give a sense of the range and depth covered.
The Module is well referenced and is a comprehensive, though brief set
of study note; to lubrication and wear. There is still insufficient over-
lap among the various fields of specialty. A ratter more detailed text-
book is needed with a tribological view in mind. It may be of some in-
terest to note that, D. F. Moore of University Col,14e, Dublin, has achieved
this in a 1975 text entitled Principles ard Applications of rribology
(Pergamon). In his Introduction Moore p2as the expected tribute to the
Jost Committee.

Another publication,, though short, is useful: Rolling merings by
T. S. Nisbet. ThP. 43-page booklet !,ublished by Oxford University Press
for the series, rngineering Desiqn ruides, does not appear to contain the
word tribology. Tho Guides are published under the auspices of the Design
Council, the British Standards Institution and the Council of Engineering
Institution3.
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CURRICULUM

3ECTION 1 TRIBOLOGY APPLICATIONS AND DESIGN (3-4 hours)

Design Procedures
Characteristics of bearing applications
Typos of bearings for varying applications and enviun-

ments \

Selection Procedures, data sheets 65007, (1107 os omiv

criteria

SECTION 2 LUBRICANTS (2 hours)

Classification of Lubricating Systems
Classification of Lubricating Materials (including

gases) specifications, additives
Viscosity

SECTION 3 MECHANISMS OF LUBRICATION (3-4 hours)

Mechanisms of Lubrication
Hydrodynamic, Elasto-hydrodynamic, Boundary, Solid or

Dry lubrication
Reynolds Equation as an example of Combined Couette

and Poisouille flow. Vogelpohl method
Tilting Pad, thrust and journal bearings

SECTION 4 SURFACE MECHANICS (3-4 hours)

Elastic Contact: Hertz equations; dimensional analysis
Plastic deformation and hardness
Concentrated Loads; surface roughness; conforming and
non-conforming surface"

Mechanics of rolling

SECTION 5 FRICTION AND WEAR (1-2 hours)

Application of Surface Mechanics to the laws of friction
and wear

Classification of wear mechanisms

SECTION 6 MATERIALS (1-2 hours)

Bearing Surface aterlals
Wear Resistant Materials; solids, surface treatments

and coatings
Fri-tion Materials
Main Propert..es of Mteria].s; Metals - compatibility of
material pairs, lamellar solids, solf-lubricating ma-
terials, Polymers and Ceramics

31

12 V



ORL R-7-76

APPENDIX B

THE VIEWS OP TREE UK TRIBLOGI STS--TRIDOEGY 76

At tho Unlvc4rsti or Durham, 10 years after the Jost Report (from
30 "arch to I April 197b), the convention titled "Tribology 1976," devoted
,A *,J d, a1 .4 tiri to . ,i%,ing the progress in the field.

In tt , first of three invited ipapers, Neale stated tf-at, "Probably
the mjor achievement of TriLb%,lo,1j' is that it has placed the blenuing of
the basic disciplines withtn its Gubject irea on a rational basis suitable
,or general recognition," and he went on to cite the "lack of matching
between academic disciplines and practical problem." In his view "the
really ditinctive feature of Tribology is tnat it is a subject based upon
the application of knowledge rather than the derivation of knowledge."
He suggested that "if other application-tased subjects could be defined
it could be possible for a major part of science and technology to be re-
divided in this way." The virtues of suc1 a "new order" are demonstrated,
in Neale's opinion, by the successes of tribology.

The second invited paper was given by Dr. R. C. Parker whose 40-year
involvement with friction is continuing with a variety of consulting ac-
tivities during his retirement. Parker s formidable task was to document
"The Contributions of research in Tribology," and his carefully referenced
paper certainly will prove to be a useful document for engineering histo-
rians. Beginning with Leonardo da Vinci,'s 1Sth century statement on the
proportionality of friction aiid lod, Parker traced a coherent advance-
mnt of the understanding of friction processes through the works of such
well-known researchers as Coulomb, Westinghouse, Reynolds, Hertz, Rayleigh,
Poisseuille, and Prandtl. Of the 41 references cited, three of the re-
search contributions ware published afto.r 1966. He concluded with the
observation that although the situation in lubrication is satisfactory,
"The complexity of dry friction and 4r has mant that most research has
been descriptive rather than analytical, while current activities are
mainly directed towards develoment aimed at solving practical problem."
As noted in the main botly of this report, Parker also pointed to the confu-
sion that has resulted from an explosion in the rate of generation of pub-
lications in the field and he boldly states that "Researches in Tribology,
other than in lubrication, are unlikely to have general significance until

the wide range of phenomena is ordered through new, internationally agreed,
definitions and classifications."

toDr. D. Sumeers-Sith (IXerial Chemical LdUstries, Ltd.) in his paper
titled, "10 Years After Joitl the Iffect on Industry," took what appeared
to be very careful issue with the DS Working Group. According to Sumrs-
Smith, the main claim of the Jost Riport--that 51Sm (1.St of the GNP)
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in annual savings could be realized by application of existing tribologi-
cal knowledge--was, in short, wrong. In an item-by-item critique of the
report, he pointed up several mistaken assumptions and important points
that wore apparently rot considered.

With an admitted but nevertheless skillful use of hindsight, Suimers-
Smith stated that while the total predicted savings might be theoretically
pouvible (the basis of the "theory" was not contained in the Jost commit-
tee report), when such savings are proportioned over the large number of
involved manufacturing units, the resources required are disproporionate
with respect to the gains. The Jost report omitted large portions of the
front half of a cost-benefit analysis. Summers-Smith further pointed
out. Uat tribological problems cannot be separated from other machinery
difficulties. Thus, when a plant is down the opportunity is taken to
carry out remedial work other than that related to the failure, and the
solution of a tribological problem might preclude this opportunity. An-
other somewhat obscure consideration is that wear and failure are impor-
tant factors in helping to recognize obsolescence and that too-effective
elimination could be a deterrent to replacing out-dated equipment.

In his estimate that, at best, only 10% of the Jost report prediction
of savings has been achieved, Summers-Smith was careful to point out that
several benefits have resulted from the study of the comittee. These
are (1) the introduction of the basic principles of Tribology into the
training of engineers, (2) the presentation of the results of research
and experience in a form in which they can readily be applied in practical
situations and, (3) the establishment of three Centres of Tribology at
Leeds, Risley and Swansea. These Centres, after about seven yea of ac-
tivity, have become identified as sources of tribological excellence to
which the ind.stry can turn in need.

The 19 presentations following the three invited papers described above
were of the usual mixed bag--there seemed to be at least 19 separate prob-
lems under investigation, thereby giving a timely demonstration of the
lack of meaningful and acceptable classification lamented by Parker. The
mere existence of the convention points-up the continued UK interest in
tribological matters. It is probably fair to say, however, that the mood
of the meeting was one in which enthusiasm was tempered by an awareness
of a number of problems yet to be solved. The prq,-icdings are available
from the meeting sponsor: The Institution of Meihanical Engineers,
1 Birdcage Walk, London SW1H 9JJ.
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APPENDIX C

LUBRICATION ANALYSIS

The determination of the health of a machine by taking and analyzing

a sample of its lubricant is not unlike a physician looking at blood.
The analogy can be extended a step further: good health habits with an

occasional trip to the doctor is far preferred to a trip to the patholo-
gist. So it is with machinery. Engine health maintenance (EHM) is the
key word in many quarters these days, both in the UK and in the US. There

is actually a hope--and workers are striving for this situation- -.hat ef-
fective prognostic techniques can be developed which will enable predic-
tions of failure sufficiently in advance of the ever.t to remedy it, or

at least to plan for it. There is some controversy associated with EHM
and the various approaches to it, but the disagreement is limited to

matters of examination frequency, sampling methodology and sampling tech-
niques. This, too, it would appear is similar to the decisions faced by
physicians in evaluating the health of humans.

Now to examine the life's blood of a machine would appear to be
straightforward. But it's anything but that. If the oil in machinery
is to be a measure of the health of the system, the analysis must in some
way be diagnostic. That is, the fluid ftself must carry some evidence
of the problem. A central approach to ELM is the "spectrographic oil
analysis procedure" (SOAP) where the oil is examined for the atomic-scale
debris which may have arisen from bearings and other parts comprising the
systems. It is felt that thiv approach, coupled with experience, can

relate much of the history of the system--e.g., temperature that parts
may have reached, excessive wear, unwanted impurities carried within the

oil. Another more recent development looks at the "large" debris--stuff
ploughed up, scraped off, or nicked off of the wearing surfaces. This
technique is "ferrography" and it is considered by some to be a major
breikthrough of EM and should, they feel, be in every practitioner's
black bag (see Ref. Cl and C2). There are more who believe that farrog-
raphy has yet to prove itself as a reproducible, quantifiable approach
to EHM.

Ferrography in operation is straightforward. A small sample of oil
is trickled down a trough in a glass microscope slide, through the poles
of a magnet and, not unlike a chromatographic method, the particles be-
come separated according to shape and mass down the length of the trough.
The slide is then examined in a microscope with various typas of light
so that elementary color analysis can be made. The number of particles
in a cc can be a measure of debris statistics and, hence, an early indi-
cation of impending fracture. Eext the art of identification comes into
play, and this, to be done effectively, requires .perience and perhaps
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same imagination. Thus, one can presumably identify oxides of iron, by
both color and magnetic behavior. Of course, magnetic and more recently,
non-mxgneti particles are identifiable. Practitioners go a step fa be-
yond thtin they contend that debris examination with fe. ography can
point to the crilin of the formation (both te porally and spatially) of
suurees of exessive wear. ror examqle, when a population of particles
%han'w, it shaie from flakes to sphras, this implies impending disas-
t-r: i.e,, bearing fatigue.

In our view, though ferrography deserves mAch attention, there is pres-
enti7 too much of a sense of acceptance before all the results art in.
It reamins a nainly non-quantitative test, in need of a considerable amount
of exlerience. The manufacturers of ferrographic instrumentation, we un-
derstand, are currently attempting to develop a catalog or encyclopedia
of Oferrograms." Thus, a given type particle will iwply a certain kind
of wear, etc. but for such a complex thing as wear in the presence of
a luicant, even the most subjective observers should advise great cau-
tion. The langua ge of ferrography as used in commercial advertiseme-ts,
sM-comuercial technical publications, and by the practitioners, sonds
not unlike t e tribological approach to lubrication and wear. They tend
to classify and sub-classify, and ferrograms are then related to what are
presumably acceptable wear classi'ications. Wear in oil lubricated sys-
tenx is extremely complex, and in a fair proportion of the cases, a clas-
sification approach is difficult at best.

We have visited a number of ferrographic facilities in the UK, and
were greeted by either religious fervor or by a "Wait-and-see = attitude,
we ,ujbscribe to the latter.

One further nointt D. Scott of ML, who has helped pioneer ferro-
raphy and who believes very mch in its future can seak intelligently
abuut its limitations and its possibilities. He has done much in the area
of ferroraphy, but his use of the concept for oil analysis is not divor-
cible from his great inright as an engineer. Scott thus brings more to
ferr.nraprhy than many of us are able to do and as such he can achieve in-
Lortant results. Ferrography, then, as a, research tcol in the right hands
can be exciting. But in the EHM laboratory, we believe that it has a way
to 7o.
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